Inhibitive impact of Akuamma seed (AS) extract toward 1.0M HCl corrosion of aluminum was examined using response surface methodology (RSM). Gravimetric (weight loss), potentiodynamic polarization and electrochemical impedance spectroscopy techniques were used in the corrosion inhibition process. In all the method used, the seed extract acted as good corrosion inhibitor of aluminum in 1.0M HCl solution. Optimal inhibition efficiency of 72.6% was obtained at optimum inhibition concentration of 1.2g/l, temperature of 304.19k and maximized time of 11.53hrs. It showed that the plant extract has excellent inhibitive properties for the corrosion inhibition process. The values of k ads are relatively small indicating that the interaction between the adsorbed extract molecules and aluminum surface is a physical process. The (AS) extract protects aluminum against pitting corrosion. The level of protection increases with increase extract concentrations. The extract inhibited both cathodic and anodic reactions and acted as mixed-type inhibitor.
Introduction
Corrosion resistance of aluminum is due to the formation of a thin and protective, naturally formed oxide film on its surface [1, 2] . However, when aluminum is exposed to acidic environment as a result of acid pickling solutions, chemical etching, industrial cleaning or scale dissolution, the oxide film dissolves resulting to significant mass loss of aluminum [3] . In order to prevent and reduce aluminum dissolution, different types of corrosion inhibitors are used, mostly organic compounds, which in their structure contain atoms of nitrogen, sulphur, oxygen, phosphor [4] [5] [6] . Although most of the organic compounds have excellent inhibitive performance, their high cost and toxicity are the main setbacks in the use of these compounds as corrosion inhibitors [7, 8] . In recent times, most corrosion inhibitors studies have been focused on the development of "environmental friendly" compounds in response to current trend to legislation changes concerning environmental protection. This term includes formulations that are not toxic to humans, have low environmental impact, optimal biodegradability, and maintenance of high efficiency and cost-effectiveness [9] . Thus since the 1990s, some studies have confirmed the efficiency of natural compounds as corrosion inhibitors in line with the presence of complex organic compounds, with variety of different adsorption centers; heteroatom, double bonds and aromatic rings [10] [11] [12] [13] [14] [15] [16] [17] .
Akuamma, commonly known as pile plant is a tree that can reach a height of 35 meters but is usually less [18] . It is a commonly used herbal remedy in West Africa [19] . All parts of the plant are bitter throughout its distribution areas; the seeds, bark, leaf and roots are used for pharmaceutical purposes [20] . Considerable researches have been carried out into the medicinal properties, much of it supporting the traditional uses [21] . Akuamma seed contain many organic compounds, such as phenolics, terpenoids and tannins in considerable amount [22] . While saponins, flavornoids and alkaloids are identified in moderate amount to scavenge free radicals and indole detoxification [23, 24] . Before now, there is no reported work on inhibitive effects of Akuamma seed extract on acidic corrosion of aluminum. Hence, the main objective of this work is to investigate the AS extract as potential inhibitor of aluminum corrosion in 1.0M HCl.
Central composite design (CCD) is an experimental design, applicable mostly in response surface methodology (RSM) for developing a second order (quadratic) model for the response variables without requiring a complete three-level factorial experiment [25] . After the designed experiment is performed using design expert version 10, linear regression is used, most times iteratively to obtain results [26] . Coded variables are often used when constructing this design. This study embraced central composite design in the investigation of independent variables, such as concentrations of the acid, concentrations of the inhibitors, temperature and time variations. Dependent variables are referred to, within the context of these studies as expected responses to weight loss, corrosion rate and inhibition efficiency. [26] , reported on the effect of critical parameters of corrosion process of mild steel inhibition by plant extracts using design expert 8.1 to model the affect of inhibition process variables of plants extract.
Materials and Methods
Gravimetric and electrochemical tests were carried out on aluminum alloy (AA3003) specimen with the composition (wt %): Mn 1. At the appropriate time, the aluminum coupons were removed, immersed in acetone, scrubbed with a bristle brush under running water, dried and reweighed. The weight loss was calculated as the difference between the initial weight and the weight after the removal of the corrosion product. Weight loss measurements were undertaken using a FAJA digital weighing balance of the range 0.0001 to 2000g. The weight measurements were triplicate.
For potentiodynamic polarization and electrochemical impedance spectroscopy, test metal samples of aluminum for electrochemical experiment were machined into cylindrical specimens and fixed in polytetrafluoroethylene (PTFE) rods by epoxy resin in such a way that only one surface of area 1cm 2 was left uncovered. The electrodes used were polished with emery papers (400-1200 grits), rinsed with distilled water, degreased and dried. The electrochemical experiment were conducted in a three electrode corrosion cell using a VERSASTAT 400 complete dc voltammetry and corrosion system with V3 studio software for electrochemical impedance spectroscopy and potentiodynamic/ Galvanostat corrosion system with E-chem. software for potentiodynamic polarization experiments. A platinum sheet was used as counter electrode and a saturated calomel electrode (SCE) was used as reference electrode. The calomel electrode was connected via a lugging capillary. Impedance measurements were performed in aerated and unstirred solutions at the end of 1800s at 30±1°C. The measurements were made at corrosion potentials (E corr ) over a frequency range of 100kHz-0.1Hz with a signal amplitude perturbation of 10mV [26, 29] .
Potentiodynamic polarization studies were carried out in the potential range ± 250mV versus corrosion potential at a scan rate of 0.5mVs −1 . Each test was run in triplicate to verify the reproducibility of the data. All experiments were carried out in freshly prepared solution at constant temperature 30 ± 1°C using a thermostat [1, 30] .
Results and Discussion
Weight loss measurements Table 1 presents the results of the inhibition efficiency as a function of time and inhibitor (extract) concentration. The inhibition efficiency was time, concentrations and temperature dependent. It increases with increase in extract concentration. Maximum inhibition efficiency of 72.60% was obtained with inhibition concentration of 1.2g/l. similar result was observed by [10, 31] . It showed that the extract of AS has excellent inhibitive ability for the corrosion inhibition process. 
Adsorption studies
In order to obtain the adsorption isotherm, the degree of surface (θ) for various concentrations of the inhibitor has been calculated according to the following equation [19] . In these studies, Langmuir, Temkin, Frumkin and Flory-Huggins are tested for the AS extract at three temperature ranges of: 303K, 313K and 323K. Straight lines in Figure  2 indicate that the inhibition process obeyed the tested adsorption isotherm. Whereas equations (2)- (5), were used to compute the isotherm properties in Table 2 [20] .
Frumkin:
Flory-Huggins:
where θ is the degree of surface coverage, k is the equilibrium constant of the adsorption isotherm, c is the concentration of the inhibitor in the bulk solution. The linear regression coefficient is close to unity, hence; adsorption of inhibitor follows Langmuir adsorption isotherms. The adsorption isotherm is based on the assumption that each site of Al surface holds one molecule of the adsorbed species. Therefore, one adsorbed water molecule is replaced by one molecule of the inhibitor adsorbed on the aluminum surface.
The apparent free energy of adsorption ) G ( ads ∆ was calculated from the relation; The thermodynamic parameters are presented in Table 2 . In respect to the fitted data to the Langmuir isotherm, the R 2 value is close to unity, indicating excellent adherence adsorption. This is in compliance to the previous studies [35] [36] [37] . The values of k ads are relatively small indicating that the interaction between the adsorbed extract of AS molecules and aluminum surface is a physical process. This is also supported by lower negative ) G ( ads ∆ values for the inhibitor [38, 39] . Results of the potentiodynamic polarization study
The potentiodynamic polarization curves of Al in the absence and presence of AS extract are shown in Figure 3 for the samples in 1.0M HCl solution. The values of the polarization parameters are provided in Table 3 , where E corr and I corr are the corrosion potential and current density respectively. They were obtained from the extrapolation of the anodic and cathodic Tafel slopes with respect to the E corr values. The results revealed that in the presence of AS extract and at higher concentration of 1000mgL −1 aluminum displayed lower I corr and more positive E corr values in studied environment. In Table 3 , the result shows that the introduction of AS extract reduces both the cathodic and the anodic corrosion current densities, implying that the corrosion rate of Al sample in the presence of the inhibitor was reduced when compared to the uninhibited Al [40] . Also, the E corr of the inhibited Al is more positive (anodic) than the uninhibited Al. This shows that in the absence of AS extract, Al has a higher susceptibility to corrosion in acidic environment than the uninhibited Al sample [41] . It is evident that the extract shifts both the anodic and cathodic curves to lower values of current densities [42] . The polarization curves for the Al samples in 1.0M HCl environment exhibited passivation behavior and do not differ in nature of transition from active to passive state [43] . The similarity of the polarization curves of both the uninhibited and inhibited Al samples indicated that the mechanism of the corrosion of Al in the absence of the inhibitor did not change even when AS extract was introduced into the aggressive solution [41, 43] . 
Impedance spectroscopic results
Results obtained by impedance spectroscopy are shown in Figure 4 . The Nyquist plots showed a capacitive loop followed by an inductive loop for aluminum samples in 1.0M HCl solution [1, 44] . The diameter of the semi circles are related to charge transfer resistance. The size of the capacitive loops was greater in the presence of AS extract, compared to that in inhibitor-free environment, an indication of a higher corrosion resistance for aluminum in the presence of the inhibitor. The occurrence of an inductive loop for the aggressive solutions may indicate certain non-faradic processes, such as adsorption and desorption of corrosion products, occurring at the sample/electrolyte interface. The equivalent circuit model shown in Figure 5 was used to model the 123 impedance results obtained for aluminum in HCl solutions, after fitting with ZSimpWin software. The inductance, L, and charge transfer resistance, ) (R ct characterize the processes beneath the store of charges as shown in Table 4 . The result shows that the dl Q value was lower in the inhibited environment compared to the inhibitor-free aluminum [45] . Similarly; the value of inductance was greater in the inhibited Al sample than for the uninhibited. It shows that introduction of AS extract can modify the electrochemistry of the aluminum sample by reducing the AS penetrations of electrolytes into the substrate electrolyte interface, thus, decreasing the rate of the corrosion in the acid solution [46] . This can also be evidenced by the higher value of ct R for Al in the presence of the inhibitor than the value obtained in the absence of AS [47] . Furthermore, addition of the inhibitor also reduces the rate of penetration of the electrolyte. Hence, the rates of the electrochemical processes in the aluminum electrolyte interface. From the present result, the introduction of the AS extract in the 1.0M HCl solution seems to reduce the susceptibility of the Al substrate to dissolution and to the electrochemical processes occurring at the substrate/electrolyte interface. This was made evident by the shift of E corr to more positive potentials, the reduction of current densities in the inhibited environment and the increased size of the diameter of the Nyquist plots [48] . It can be deduce that the adsorption of AS extract serve as a barrier blocking the contact between the Al substrate and the electrolyte solutions. 
Results of the gravimetric method using RSM approach
The expected responses of weight loss, corrosion rate and inhibition efficiency to the independent variables, such as concentration, temperature and time in respect to corrosion inhibition of Akuamma seed extracts as biodegradable corrosion inhibitor for aluminum in HCl are listed in Table 5 . 
Graphical analysis of the inhibition efficiency, IE (%) of AS extract as determined using (RSM)
Response surface methodology (RSM) was used to analyze the response of inhibitor concentrations, acid concentrations, time and temperature (independent variables) to weight loss, corrosion rate and inhibition efficiency of AS extract on aluminum in acidic environment. The ANOVA and graphical analyses of the inhibition efficiencies of aluminum in HCl were carried out. The mathematical models for IE (%) of AS extract for corrosion inhibition of Al in HCl solutions in terms of coded and actual factors were obtained. The model (Design expert version 10) in terms of coded factors was used to make predictions about the response for a given levels of each factor. The high levels of the factors were coded as +1 and the low levels of the factors were coded as −1. The optimum inhibition parameters were obtained and listed in Table 5 . From the RSM graphs, Figure 6 From the analysis of variance (ANOVA) for the corrosion inhibition of aluminum in HCl by AS extract, The Model F-value of 33.01 implies the model is significant. There is only a 0.01% chance that an F-value this large could occur due to noise. Values of "Prob > F" less than 0.0500 indicate model terms are significant. In this case A, B, C, D, AB, BC, CD, A^2 are significant model terms. Values greater than 0.1000 indicate the model terms are not significant. If there are many insignificant model terms (not counting those required to support hierarchy), model reduction may improve your model. The "Pred RSquared" of 0.8049 is in reasonable agreement with the "Adj R-Squared" of 0.9392; i.e. the difference is less than 0.2. "Adeq Precision" measures the signal to noise ratio. A ratio greater than 4 is desirable. Your ratio of 20.803 indicates an adequate signal. This model can be used to navigate the design space. 
Results of the optimum inhibition efficiency
To confirm the validity of the results of corrosion inhibition of aluminium by AS extract in HCl, additional experimental were conducted. The chosen conditions for the concentration, temperature and time are listed in Table 7 , along with the predicted and measured inhibited efficiencies. As shown in Table 7 , the measured inhibition efficiencies were close to the predicted values. It shows that RSM approach was appropriate for optimizing the corrosion inhibition process and the result showed that the optimum inhibition efficiency of the AS extract is 72.60%. 
132
AS pure extract contain some essential organic compounds which have good inhibitory properties capable of replacing O 2 , H 2 S and N with amines, nitrite, hydroxyl and benzene at the aluminum surface interphase. The changes of the wave band and the nature of the shifts indicate that there was synergy among the functional groups in the corrosion inhibition process [49] [50] [51] [52] [53] .
Surface morphology
Optical microscope test, Figure 9 , revealed that when a smooth surface of aluminum alloy is immersed in 1.0M HCl solution, in absence of AS extract, corrosion pits were created on the surface of the aluminum due to aggressive attack of the HCl solution [1, 56] . A rough surface with flakes of dark color is observed, Figure 9 (a), which indicates deposition of corrosion products and/or chloride ions on the surface. But in the presence of inhibitor as shown in Figure 9 (b), smooth layers were observed due to adsorption of organic species present in the extract at most active sites [55] reported similar observation. On the basis of the information provided by the optical microscope, it can be concluded that plant extract protect aluminum surface in hydrochloric acid environment forming good protective film on the surface of the metal. This trend was previously reported by other researchers [57] . The outcome of this process revealed that the adsorption of the extract is spontaneous, stable and follows the mechanism of physical adsorption [26, 55] . 
Conclusion
From the gravimetric method, maximum inhibition efficiency of 73.60% was obtained with inhibition concentration of 1.2g/l. It showed that the extract of AS has excellent inhibitive ability for the corrosion inhibition process. The adsorption process of AS extract on the surface of the aluminum is spontaneous, stable and follows Langmuir adsorption isotherm. The values of k ads are relatively small indicating that the interaction between the adsorbed extract of AS molecules and aluminum surface is a physical process. The extract protected the AS aluminum against pitting corrosion. The level of protection increases with increasing extract concentration. The extract inhibited both cathodic and anodic reactions and acted as mixed-type inhibitor.
